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The escalating global demand for water conservation, coupled with the imperative for sustainable and efficient agricultural practices, has driven significant advancements in smart irrigation systems powered by the Internet of Things (IoT). This study investigates the development and implementation of automated irrigation frameworks that integrate IoT-enabled sensor networks, cloud computing infrastructure, and artificial intelligence (AI) algorithms to optimize water resource utilization, reduce manual intervention, and enhance overall crop productivity. The research examines core components, including soil moisture sensors, meteorological monitoring devices, and AI-based predictive analytics for decision-making. It reviews diverse system architectures, encompassing microcontroller platforms (e.g., Arduino-based controllers), wireless sensor networks, and cloud-based data processing platforms. Empirical evaluations demonstrate that such IoT-integrated irrigation systems achieve substantial reductions in water wastage while concurrently improving crop yields through precise, data-driven irrigation scheduling. The findings underscore the efficacy of these technologies in promoting precision agriculture amid increasing water scarcity and climate variability. In conclusion, the study proposes directions for future research, particularly the incorporation of advanced AI-driven predictive modeling and blockchain-enhanced security protocols to further strengthen the reliability, scalability, and cybersecurity of IoT networks in agricultural applications.
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I. INTRODUCTION
[bookmark: _Toc191215303]Managing the supply of water is becoming a critical task for farmer during irrigation farming, and their water utilities around the world. Particularly as they try to create sustainable businesses and deal with the effects of climate change, which increases the propensity of drought in many parts of the world. At the same time, the Internet of Things (IoT) is being adapted more widely to fit the unique needs of monitoring and distributing water networks (Roy & Santhosh, 2011). In developing countries, the economy is highly based on agriculture, but we lack the proper utilization of the resources available to us. This is mainly because of the unplanned use of water for irrigation. Although there are many modern irrigation techniques like drip irrigation and sprinkler irrigation, farmers have to visit the farms in person regularly in order to water their crops. i.e., it is manually controlled. All these problems result in wastage of human and agricultural resources as well as time. Hence, there is a need for making an automatic irrigation system. Literature reports different techniques implemented for automatic irrigation systems. (Chalvantharan A, Lim CH 2023)
Proper agricultural production provides economic growth, food security for any society, and a labor force, and changing soil conditions require innovation in agriculture by using a watering irrigation system. This project proposes an automated irrigation system that monitors and maintains the desired soil moisture, temperature, and humidity content via an automatic watering system. The requirement of the amount of fresh water used in irrigation also rises due to the total water consumption in the world (Kavyashree T, Shreedhara KS2021). Sustaining agricultural productivity, guaranteeing food security, and enhancing economic growth in the face of climate variability, diminishing labor force, and changing soil conditions requires innovation in agriculture. In India, agriculture contributes 18% of the country’s Gross Domestic Product (GDP) and employs more than 50% of the population. Notwithstanding these contributions, the sector is under stress, and the recent economic survey of the Indian government has pointed out the need to extract “more crop per drop,” which indicates exploiting technology and good practices to enhance productivity per drop of water. While this is largely dependent on the irrigation system, recent developments in technology are being touted as solutions. (Sharma, D. et al. 2016). On the other hand, this system uses a soil moisture sensor that can measure the water content in the soil with direct contact with the soil, which makes its life span longer. The microcontroller is used in his system as a data processor and controller of other electronic components. This system will display the measurement result using an LCD.
Uses technology and data to optimize the watering of plants, landscapes, and agricultural fields, ensuring efficient water usage. These systems are designed to adapt to environmental conditions and plants’ needs, minimizing water waste and reducing costs while maintaining healthy plants. In developing countries, the economy is highly based on agriculture, but we lack the proper utilization of the resources available to us. This is mainly because of the unplanned use of water for irrigation. Although there are many modern irrigation techniques like drip irrigation and sprinkler irrigation, farmers have to visit the farms in person regularly in order to water their crops. i.e., it is manually controlled. All these problems result in wastage of human and agricultural resources as well as time. Hence, there is a need for making an automatic irrigation system. Literature reports different techniques implemented for automatic irrigation systems. Sustaining agricultural productivity, guaranteeing food security, and enhancing economic growth in the face of climate variability, diminishing labor force, and changing soil conditions requires innovation in agriculture. (Birner R, & Anderson J.R. 2021)
Water is a vital and scarce resource in agriculture, and its optimal management is emerging as a key challenge. Watering the plant is the most important cultural practice and one of the labor-intensive tasks in daily greenhouse operation. Watering systems ease the burden of getting water to plants when they need it. Knowing when and how much to water is two important aspects of the watering process. To ease the work of the gardener, the automatic plant watering system will be created. A system monitor is a hardware or software component designed to observe and report on the resource usage and performance of a computer system. These monitors provide real-time insights into various system metrics, enabling users to ensure optimal performance and promptly address potential issues. The System Monitoring application in SAP Solution Manager provides an overview of the current status of technical systems, including their associated instances, databases, and hosts.
System Monitoring is based on automated checks at regular time intervals in the four categories: Availability, Performance, Exceptions, and Configuration. In each of these categories, several metrics and corresponding thresholds can be defined per managed object.
Key Features of System Monitoring:
i. Automated Checks: The system performs regular automated checks across four primary categories:
ii. Availability: Ensures that systems and components are operational and accessible.
iii. Performance: Monitors system responsiveness and load to detect potential bottlenecks.
iv. Exceptions: Identifies and reports unusual or error conditions that may require attention.
v. Configuration: Verifies that systems are configured according to best practices and compliance requirements. (Lee, H., Kim, S., & Choi, D., 2023)
The Internet of Things (IoT) refers to the interconnected network of physical objects—such as devices, vehicles, appliances, and other items—embedded with sensors, software, and network connectivity. These "things" can collect and exchange data without requiring human-to-human or human-to-computer interaction. This integration enables real-time data collection and communication, facilitating automation and improved efficiency across various applications.  (Fernando, J., Silva, R., & Gomez, M., 2023)
II. METHODOLOGY
The components required for this study include:
i. Arduino Uno – A microcontroller board based on the ATmega328P, used to process sensor data and control the system.
ii. Soil Moisture Sensor Module – Detects the moisture level in the soil and sends data to the Arduino for irrigation control.
iii. Ultrasonic Sensor Module – Measures distance, commonly used for water level detection in a reservoir or tank.
iv. 16x4 LCD Display – Displays real-time system data, such as moisture levels and system status.
v. Relay Module – Acts as a switch to control high-power devices like water pumps based on sensor input.
vi. ULN2003 or NPN Transistor (2N2222) – Used for driving relays and controlling electrical loads.
vii. GSM Modem – Enables remote communication and alerts via SMS or calls.

An overview of the components, along with their key specifications 
Arduino Uno
The Arduino Uno is a microcontroller board based on the ATmega328P. It features 14 digital input/output pins (6 capable of PWM output), 6 analog inputs, a 16 MHz ceramic resonator, USB connection, power jack, ICSP header, and a reset button. It's widely used for various electronic projects due to its versatility and ease of use. (Patel, K., Mehta, P., & Singh, V., 2024)
i. Microcontroller: ATmega328P
ii. Operating Voltage: 5V
iii. Input Voltage (recommended): 7-12V
iv. Digital I/O Pins: 14 (6 PWM outputs)
v. Analog Input Pins: 6
vi. Clock Speed: 16 MHz
Soil moisture sensors are devices designed to measure the water content within soil, providing critical data for applications such as agriculture, hydrology, and environmental science. Accurate soil moisture information aids in efficient irrigation management, drought prediction, and optimizing crop yields. (Sharma, R., Gupta, A., & Kumar, S., 2023)
[bookmark: _Toc191456728]SYSTEM ARCHITECTURE
In this study, we aim to automate irrigation by monitoring soil moisture levels and water availability in the storage tank using soil moisture sensors, ultrasonic sensors, a liquid crystal display (LCD) module, and a relay module. The system ensures efficient water usage by activating and deactivating the water pump based on real-time sensor readings. (Jha, S., et al. 2022).
[bookmark: _Toc191456732]DATA COLLECTION METHOD:
The effectiveness of an IoT-based Smart Irrigation System depends on accurate and real-time data collection. Various methods are employed to gather relevant environmental parameters, enabling automated decision-making for efficient water usage.
Sensor-Based Data Collection
Sensors play a crucial role in monitoring soil and environmental conditions. The system continuously collects data from multiple sensors deployed in the field. Key sensors include:
i. Soil Moisture Sensors (e.g., YL-69, Capacitive Soil Moisture Sensor)
a. Measures volumetric water content in the soil.
b. Helps determine when irrigation is required.
ii. Ultrasonic Sensors (e.g., HC-SR04)
a. Measures water level in storage tanks or reservoirs.
b. Prevents pump operation during low water availability.
[bookmark: _Toc191456733]WIRELESS COMMUNICATION-BASED DATA COLLECTION
Data collected from sensors is transmitted to a central processing unit using wireless communication technologies:
i. GSM (SIM800L, SIM900A): Sends SMS alerts about irrigation status.
[bookmark: _Toc191456734]REMOTE USER INPUT DATA COLLECTION
Farmers can manually input data through:
i. Mobile apps/web dashboards for manual irrigation control.
ii. SMS-based commands for remote operation.
iii. Voice-controlled IoT assistants for hands-free monitoring.
Measurement Methods:
1. Direct Measurement:
i. Gravimetric Method: This traditional approach involves extracting a soil sample, determining its weight, drying it in an oven to remove moisture, and then reweighing. The difference in weight before and after drying indicates the soil's moisture content. While precise, this method is labor-intensive and not suitable for continuous monitoring. 
2. Indirect Measurement:
i. Dielectric Sensors: These sensors estimate soil moisture by measuring the soil's dielectric constant, which changes with water content. Types include:
ii. Capacitance Sensors: Measure the soil's ability to store electrical charge, with changes in capacitance correlating to moisture levels.
iii. Time Domain Reflectometry (TDR): Assess the time it takes for an electromagnetic pulse to travel through the soil, with delays indicating higher moisture content. 

iv. Neutron Probes: Utilize the moderation properties of water for neutrons to estimate soil moisture content between a source and detector probe. 
[bookmark: _Toc191456735]SYSTEM DESIGN
System design is the process of defining the architecture, components, modules, interfaces, and data for a system to satisfy specified requirements. System design could be seen as the application of systems theory to product development. In this phase, the final specifications are used for translating the model into a design of the desired system. In this phase, modules are being defined, showing their relationships to one another in a way known as a structural chart using structured tools. The reason for the design phase is to specify a particular software system that will meet the stated requirements gathered at the analysis phase.
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Figure 1: Block / Architectural Diagram of the Watering Irrigation System
[bookmark: _Toc191456736]SCHEMATICS DESIGN
[bookmark: _Toc191456737]PCB DESIGN
Printed Circuit Board is the most common name, but may also be called "printed wiring boards" or "printed wiring cards". A PCB is sort of like a layer cake or lasagna- there are alternating layers of different materials which are laminated together with heat and adhesive such that the result is a single unit.
[bookmark: _Toc191456738]LOGICAL DESIGN
Figure 3shows the logical design of a system about an abstract representation of the data flows, inputs, and outputs of the system. This is often conducted via modelling, using an overabstract (and sometimes graphical) model of the actual system. Logical design includes ER Diagrams (i.e., Entity-Relationship Diagrams).
[image: ]
Figure 2: Flowchart of Watering Irrigation System
[bookmark: _Toc191456739]SYSTEM SPECIFICATIONS USED
The various resources needed for proper functionality of the system are software and hardware specifications requirements.
[bookmark: _Toc191456740]HARDWARE SPECIFICATIONS USED
Hardware provides a platform that supports the software required to produce the work products, which are the outcome of good software development practice. The hardware specifications for the implementation of this system are:
i. Arduino Uno
ii. Soil Moisture Sensor
iii. 20x4 LCD
iv. NPN transistor (2N2222)
v. GSM Modem
vi. 5V Relay
vii. Water pump
[bookmark: _Toc191456741]SOFTWARE SPECIFICATIONS USED
The process of system implementation involves coding, which is defined as the process of using computer formal language to convert the design from a paper prototype into a working prototype called the working system.
i. Proteus Design Suite
ii. Arduino Integrated Development Environment (IDE)
[bookmark: _Toc191456743]SYSTEM IMPLEMENTATION
System implementation refers to the development, deployment, and integration of a new computerized system or the enhancement of an existing one to improve efficiency and functionality. In the context of IoT-based smart irrigation, the implementation focuses on automating irrigation processes, minimizing water wastage, reducing manual Labor, and increasing agricultural productivity through advanced sensor technology and real-time data processing.
This system is designed to enhance irrigation efficiency by utilizing smart sensors, microcontrollers, and wireless communication to monitor soil moisture, water levels, and environmental conditions. It automatically activates and deactivates irrigation based on real-time sensor readings, ensuring optimal water usage and sustainable agricultural practices.
By leveraging IoT and automation, this technology is expected to transform agricultural practices in Nigeria and Africa, addressing water scarcity, Labor inefficiencies, and crop productivity challenges. The system's implementation contributes to precision agriculture, promoting better resource management and higher yields while supporting food security and economic growth in Nigeria.
[bookmark: _Toc191456744]SYSTEM TESTING AND PERFORMANCE ANALYSIS
System testing is a critical phase in the development of a Smart Irrigation System using IoT, ensuring that the system functions as intended, meets performance requirements, and operates reliably under different conditions. The testing process involves validating hardware components, software functionalities, data transmission, automation accuracy, and overall system performance before full-scale deployment.
III. [bookmark: _Toc191456746]RESULTS AND DISCUSSION
TESTING METHODS AND PROCEDURES
[bookmark: _Toc191456747]HARDWARE TESTING
i. Sensor Accuracy Testing
ii. Soil Moisture Sensor: Place the sensor in different soil conditions (dry, moderate, wet) and compare readings with standard moisture levels.
iii. Ultrasonic Sensor: Measure tank water level by placing objects at known distances and comparing with expected values.
iv. Relay and Pump Activation Testing
v. Set the soil moisture sensor threshold and observe if the relay module activates/deactivates the water pump accordingly.
vi. Manually test the relay switching to confirm proper functionality.
vii. Power Consumption Testing
viii. Measure the voltage and current draw of each component to ensure efficient power usage.
ix. Test system operation under battery and solar power for sustainability.
[bookmark: _Toc191456748]SOFTWARE AND CLOUD TESTING
i. IMicrocontroller Code Testing
ii. Upload and test Arduino/ESP32/Raspberry Pi code for errors.
iii. Simulate sensor values and observe if the system responds correctly.
iv. IoT Connectivity and Data Transmission Testing
v. Check Wi-Fi/GSM connectivity and ensure real-time data updates on cloud platforms (e.g., ThingSpeak, Firebase, or AWS IoT Core).
vi. Test remote access via a mobile app or web dashboard.
vii. User Interface Testing
viii. Verify if sensor readings, water pump status, and alerts display correctly on the LCD screen, mobile app, or web dashboard.
ix. Test notification alerts (SMS/email) for low water levels or pump activation.
[bookmark: _Toc191456749]PERFORMANCE AND STRESS TESTING
i. ILoad Testing
ii. Test system performance under high data loads, ensuring that multiple sensor inputs do not cause delays or crashes.
iii. Environmental Stress Testing
iv. Expose the system to varying temperatures, humidity, and weather conditions to ensure durability.
v. Test system functionality under power fluctuations.
vi. Response Time Testing
vii. Measure how quickly the system responds to moisture level changes and turns the pump on/off.
viii. Ensure low latency in IoT data transmission.
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[bookmark: _Toc191456751]TEST RESULTS
Different tests were conducted to investigate, troubleshoot, and test different sensors and modules.
[bookmark: _Toc191456752]DEPLOYMENT READINESS
After successful testing, the Smart Irrigation System using IoT is validated for accuracy, efficiency, and reliability. Any identified issues are debugged and optimized before full-scale deployment in agricultural fields. The system is now ready for real-world implementation, ensuring efficient water management, cost savings, and improved crop yields.
[bookmark: _Toc191456753]COST-BENEFIT ANALYSIS
A Cost-Benefit Analysis (CBA) helps assess the feasibility and financial justification of implementing a Smart Irrigation System using IoT by comparing initial investment costs with the long-term benefits, such as water conservation, labor reduction, and increased crop yield.
[bookmark: _Toc191456754]COST ANALYSIS
The total cost of implementing an IoT-based smart irrigation system includes hardware, software, installation, and maintenance expenses.
[bookmark: _Toc191456755]BENEFIT ANALYSIS
The system provides multiple environmental and operational benefits, 
	S/N
	environmental, and operational Benefit

	1.
	Reduction in Water Usage 

	2.
	Reduction in Electricity Costs (Pump efficiency)

	3.
	Labor Cost Savings (Automation reduces manual work)

	4.
	Increased Crop Yield (Better irrigation leads to higher output)







[bookmark: _Toc191456756]ENVIRONMENTAL & OPERATIONAL BENEFITS
i. Water Conservation: Uses precise moisture sensing to prevent over-irrigation and water wastage.
ii. Energy Efficiency: Reduces unnecessary pump operation, lowering electricity consumption.
iii. Labor Reduction: Eliminates the need for manual irrigation, allowing farmers to focus on other tasks.
iv. Increased Crop Yield: Maintains optimal soil moisture, leading to healthier crops and better productivity.
v. Remote Monitoring & Control: Provides real-time data on soil conditions, enabling informed decision-making.
[bookmark: _Toc191456757]PROGRAMMING TOOLS
A programming tool or software development tool is a computer program that software developers use to create, debug, maintain, or otherwise support other programs and applications. The programming tools used to achieve the implementation of the proposed system of this project work are as follows:
[bookmark: _Toc191456758]PROTEUS
The software is used mainly by electronic design engineers and technicians to create schematics and electronic prints for manufacturing printed circuit boards. Simulation is a very powerful tool to understand how the device will work after being implemented in reality. Before starting any project, it is a good practice to simulate it and virtually verify that it works. Proteus is a simulation-based software.
[image: ]
Figure 3: Proteus environment
[bookmark: _Toc191456759]ARDUINO
is an open-source physical computing platform for Arduino is an open-source electronics platform for creating interactive systems that can stand alone or collaborate with software on a computer. Arduino boards are able to read input-light on a sensor, a finger on a button, and turn it into an output activating a motor, turning on an LED, or LCD. You can tell your board what to do by sending a set of instructions to the microcontroller on the board. To do so, you use the Arduino programming language (based on Wiring) and the Arduino software (IDE), based on Processing. 
[image: ]
Figure 4: Arduino environment
[bookmark: _Toc191456760]CIRCUIT DESIGN
Inserting Arduino Uno, Soil moisture sensor, Ultrasonic sensor, and LCD Libraries in Proteus was done, so it was easy to get them as shown in Figure 5 below:
[image: ]
Figure 5: Adding sensors into the Proteus environment
[image: ]
Figure 6: Connecting the LCD to the Arduino board
In Figure 7, the Ultrasonic Sensor Library for Proteus was added, and its connection was done through the Arduino board.
[image: ]
Figure 7: Designing and connecting the Ultrasonic sensor to the Arduino board
In Figure 8 below, the Soil moisture sensor Library for Proteus was added, so the Sensor’s Hex File (SoilMoistureSensorTEP.HEX) was placed into the Soil moisture sensor. An extra pin was used on the Soil moisture sensor, which is an analog pin, then it was attached to the output of the sensor, appearing across the voltmeter with the A0 pin of the microcontroller as a DC Voltmeter, a generic capacitor, INDC3225X135, and GND on that pin. Then, a Test PIN was connected with a 1k Variable resistor, GND, and 5V is used to measure the content of the soil. And VCC was connected to +5V while GND was connected to ground. 

[image: ]
Figure 8: Designing and connecting the soil moisture sensor to the Arduino board
In Figure 9, a below 2 Relay was added, in which when the simulation is running, the relay will automatically get activated, and after that, it will control the relay using a logic, i.e., when +5V is provided to it, then the relay will go activated, and when GND is given, then it will de-energize. A NPN transistor was added before the relay to amplify the current. So, when the logic state is zero, which means ground, the transistor won’t work, and the supply can't reach the relay. When logic 1 means +5V is applied to the base of the transistor, then the relay circuit will complete, and the relay will be energized.
[image: ]
Figure 9: Designing and connecting 0f 2 relays
In Figure 10, a GSM modem (SIM900D) was designed, 
[image: ]
Figure 10: Connecting the GSM modem to the watering irrigation Circuit
All devices were connected to get the desired simulation as shown in Figure 11 below:
[image: ]
Figure 11: Connecting all devices to the watering irrigation Circuit
In the circuit, the ultrasonic sensor will get the distance, and then it will show the level on the LCD screen while measuring the distance to the empty space for water instead of the water level. Because of this functionality, someone can use this system in any water tank. The distance was subtracted from the tank depth to get the water level. When the distance is less than 65cm, then Arduino turns ON the water tank by driving the relay. And now LCD will show “T-PUMP STATUS ON” and the relay of the watering pump will turn on. Also, the person in charge of the tank will receive an SMS that will show “TANK PUMP IS ON”.
Now, if the distance is greater than 65cm, Arduino turns OFF the relay, and the LCD will show “T-PUMP STATUS OFF” and the relay of the water tank will turn off, then send SMS to the farmer as “TANK PUMP IS OFF.”
While the soil moisture sensor will get the water content of the soil in the form of %. if the moisture content is less than 85% then the watering pump will turn on and display the “W-PUMP STATUS ON” Also the person in charge of the tank will receive an SMS that will show “WATERRING PUMP IS ON” and also if the moisture content is greater than 85% then the watering pump will turn off and display the “W-PUMP STATUS OFF” Also the person in charge of the tank will receive an SMS that will show “WATERRING PUMP IS OFF”.
[image: ]Figure 12: Running Watering Irrigation System
In order to display the SMS to the person in charge while simulating, a virtual terminal was used, as shown in Figure 13.
[image: ]
Figure 13: Simulating the Real-time SMS on the Watering irrigation system using AT Command

IV. [bookmark: _Toc191456761]CONCLUSION, AND RECOMMENDATION
[bookmark: _Toc191456763]CONCLUSION
This study began with the goal of simulating an automated irrigation system, a task that initially appeared straightforward. However, as the study progressed, it became evident that interfacing sensors with the controller posed significant challenges. Despite these difficulties, all primary objectives were successfully achieved. While the current implementation is functional, there is still ample room for further advancements. Enhancing the system will require additional time, financial investment, and technical effort. The cost factor remains a critical challenge, as upgrading the project would necessitate improvements in hardware and software components. Nevertheless, this project has been a valuable success, providing hands-on experience in electronics engineering, automation, and IoT applications. The core concept demonstrated here is highly scalable and can be extended to large-scale agricultural systems, schools, hospitals, and other industries. Implementing an automated irrigation system not only conserves water resources but also saves time and effort, making it a practical and sustainable solution for the future.
[bookmark: _Toc191456764]RECOMMENDATION
The continuous advancement of technology, particularly in Internet of Things (IoT) devices, plays a crucial role in developing smart communities. This progress presents significant opportunities for enhancing this study, allowing for further improvements in concepts and applications for future use.
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